In the work by Stone and Wilson (1952) on the oxidative activity of Azotobacter extracts, the reactions of the citric acid cycle (Krebs, 1940) Experiments designed to show the effect of glutamate on succinate oxidation were conducted by using the system previously described. Cell-free Azotobacter extracts prepared by wet crushing in a Booth-Green mill were added to a system containing 0.2 ml 0.2 M phosphate buffer (K+ salt, pH 6.85), 0.1 ml 0.02 M MgSO4, 10 to 20 micromoles substrate, and water to make 3.0 ml. The effect of adding glutamate to the oxidation of succinate by this system is shown in figure 1 . Both succinate aud glutamate were oxidized at a steady rate, but when the two compounds were added together, an immediate increase in oxygen uptake was evident. The stimulation was not maintained for the duration of the experiment presumably because an effective concentration of oxalacetate was re-established. A summary of several manometric experiments on the effect of glutamate using three different extracts is shown in table 1. The data are given in
In the work by Stone and Wilson (1952) on the oxidative activity of Azotobacter extracts, the reactions of the citric acid cycle (Krebs, 1940) apparently offer the best mechanism for the results, but the slow oxidation of succinic acid remains unexplained. A clue to the solution is suggested by the work of Das (1937) and later, Pardee and Potter (1948) , who found that oxalacetate in minute concentration was inhibitory to succinic acid dehydrogenase from animal tissue. Although Azotobacter extracts contain an active oxalacetate decarboxylase (Plaut and Lardy, 1949) , it is possible that a sufficient residual concentration of oxalacetic acid exists in the presence of the decarboxylase to inhibit the succinic enzyme. If so, this would explain why acetic acid is rapidly oxidized when succinate is added to "spark" the reaction, but succinate itself is oxidized slowly because no acetate is present to remove the oxalacetate formed. If oxalacetate is the cause of the slow succinate reaction, it should be possible to show a temporary increase in the rate of succinate oxidation by adding glutamate which would in effect remove snall amounts of oxalacetate by the transamination equilibrium (Green et al., 1945) Experiments designed to show the effect of glutamate on succinate oxidation were conducted by using the system previously described. Cell-free Azotobacter extracts prepared by wet crushing in a Booth-Green mill were added to a system containing 0.2 ml 0.2 M phosphate buffer (K+ salt, pH 6.85), 0.1 ml 0.02 M MgSO4, 10 to 20 micromoles substrate, and water to make 3.0 ml. The effect of adding glutamate to the oxidation of succinate by this system is shown in figure 1 . Both succinate aud glutamate were oxidized at a steady rate, but when the two compounds were added together, an immediate increase in oxygen uptake was evident. The stimulation was not maintained for the duration of the experiment presumably because an effective concentration of oxalacetate was re-established. A summary of several manometric experiments on the effect of glutamate using three different extracts is shown in table 1. The data are given in terms of ,ul 02 taken up at intervals of 10, 20, and 40 minutes after correcting for the endogenous uptake. It will be observed that the relative increase found with glutamate and succinate added together was always greatest at the 10 minute interval and successively less at 20 and 40 minutes. For example, in the first experiment using 3.0 ml of reaction mixture. Oxalacetic acid was determined by preparing the 2,4-dinitrophenylhydrazine derivative by the method of Friedemann and Haugen (1943) and chromatographing on silica gel according to the modification of Bomstein and Johnson (personal communication). Appropriate aliquots of each fraction from the silica gel separation were taken up in 1.5 N NaOH and read at 540 m,u in an Evelyn photometer using known concentrations of oxalacetate as standards.
Results for several substrates after oxidation for 20 minutes are summarized in table 2. The oxidations progressed as usual with succinate showing a slow but steady uptake while sparked acetate and pyruvate took up oxygen rapidly. Both experiments in which succinate was the substrate showed the presence of oxalacetic acid in the range from 3 to 4 ,ug per ml of reaction mixture, and a like quantity was also found when a-ketoglutarate was used. In each experiment sufficient oxalacetate separated as the phenylhydrazone to give a faint but visible and discrete band of yellow color on a silica gel column. When sparked acetate or pyruvate was used as a substrate, no visible color appeared on the column cor- Pardee and Potter (1948) to be inhibitory to succinic acid dehydrogenase from rat liver homogenate. These authors reported that a 50 per cent inhibition was caused by 2 X 10-M oxalacetate in 0.05 M succinate-a figure equivalent to 2.6 ug oxalacetate per ml.
DISCUSSION
The suggestion that the slow oxidation of succinate is due to a small residual oxalacetate concentration casts light on why it is possible for the complete oxidation of acetate to take place through succinate when other acids of the citric acid 1952] R. W. STONE AND P. W. WILSON cycle are slowed at the succinate level. It is not clear, however, just how this impedance to succinate oxidation is handled in the intact cell. Whether an "active" oxalacetate exists necessary for condensation which in excess can stabilize as a small concentration of free oxalacetic acid is still unresolved, but this inhibitory property of oxalacetate provides an interesting example of a possible biological regulatory mechanism functioning in a cell-free system. With Azotobacter extracts a product of a reaction series, oxalacetate, can under the proper conditions effect a partial inhibition of one of the reactions that precedes its formation; i.e., succinate to fumarate. As long as acetic or pyruvic acid is present to provide a 2-carbon unit for condensation, no inhibitory concentration of oxalacetate accumulates, and, therefore, any of the acids in the citric acid cycle is free to be oxidized to the oxalacetate level. But as soon as the 2-carbon compound is no longer available for condensation, the presence of a small concentration of oxalacetate would in effect act as a brake on the cycle and protect acids that might be present in the reaction series from citrate to succinate. In the organized cell such a system would also function to conserve the supply of acids of the Krebs' cycle when no more pyruvate was available from glycolysis. Under such conditions it would be necessary that the oxalacetate decarboxylase present function only at a higher level of oxalacetate concentration than the condensing system so that the cell's supply of dicarboxylic acids would not be exhausted.
This condition obtains in Azotobacter extract where it has been possible to detect even in the presence of an active decarboxylase, oxalacetate sufficient to inhibit succinic acid oxidation.
SUMMARY
The addition of glutamate to the oxidation of succinate by Azotobacter extracts produces a temporary increase in the rate of oxygen uptake.
A small concentration of oxalacetate is present during the slow oxidation of succinate which is not present during the oxidation of pyruvate or acetate.
It is suggested that the slow oxidation of succinate by Azotobacter extracts is caused by inhibition by oxalacetate. Some aspects of the significance of oxalacetate as a regulatory factor in the citric acid cycle are discussed.
